In recent years, musty-earthy tastes in drinking water have become a seasonal problem (September to November) for communities that draw their water from the upper St. Lawrence River. The source of the problem is attributed to the presence of geosmin and 2-methylisoborneol (MIB) at concentrations ranging from 5 to 60 ng/L. In 1997 and 1998, the Cornwall Water Purification Plant added granular activated carbon (GAC) to conventional gravity filters to control taste and odour compounds. We report on a study to test the efficiency of these conventional GAC-capped filters to reduce geosmin and MIB concentrations in finished water as a function of filter age, initial chlorine residual and contact time. GAC-capped filters removed on average 60% of the MIB and 80% of the geosmin from the source water after 2 and 12 months of filter operation. However, testing after 24 months operation showed reduced efficiency. Amounts removed ranged between 13 and 20% (15% average) for MIB and 50 to 57% (54% average) for geosmin in these filters. Testing also suggested that filter efficiency was greater with longer contact times and with higher chlorine residuals (in the range 0.1 to 0.6 mg free Cl2/L). In addition to carbon age, chlorine residual and contact time, flow channelization and slow release of the taste and odour compound load (particularly MIB) from the GAC bed may affect apparent filter efficiency.
Introduction
The presence of tastes and odours in potable water supplies has been increasing in both intensity and frequency in recent years. These problems are recognized worldwide and have been identified in countries such as Japan (Ishida and Miyaji 1992) , United States (Vogel et al. 1997) and Australia (Bowmer et al. 1992) . Tastes and odours have become a concern in the lower Great Lakes and the St. Lawrence River (SLR) over the past decade (Quartermaine and Anderson 1995; Anderson and Quartermaine 1998) .
The most commonly identified taste and odour causing compounds of biological origin are geosmin (trans-1,10-dimethyl-trans-9-decalol) and . Geosmin and MIB are the compounds that are primarily responsible for the earthy-musty odour in finished water. These compounds cause off-tastes in drinking water at part per trillion levels, resist oxidation and are difficult to remove by conventional water treatment.
Both compounds are metabolites of actinomycetes and certain bluegreen algae (Jüttner 1995) . Cyanobacteria can be either planktonic or benthic. Actinomycetes are filamentous bacteria that can be found in the waters and at the bottom of lakes and rivers. Generally, geosmin is associated with planktonic sources (Slater and Blok 1983) and MIB with benthic sources (Izaguirre et al. 1983 ) although exceptions exist (Bowmer et al. 1992) .
Since geosmin and MIB are the result of metabolic activity of cells, they are introduced into the water by the natural process of active cell growth and subsequent cell decay following death of the organism. Geosmin and MIB may be released into the water at the treatment plant as a result of prechlorination such as that is often used for the control of zebra mussels in the lower Great Lakes and SLR.
As taste and odour compounds are readily detected by the consumer at trace concentrations, their presence in finished water raises questions about the quality of the water that is being consumed. The presence of taste and odour in water is not generally considered a health-related issue. Odour regulatory agencies classify these materials as secondary standards as opposed to primary standards that are directly related to public health (Quartermaine and Anderson 1995) .
A review of the literature shows that only a limited number of toxicological studies has been conducted on these compounds. The presumption has been that, while they can produce serious aesthetic problems, they do not present a risk to aquatic organisms or human consumers of drinking water or fish tainted by them. Thus far, both geosmin and MIB have been non-mutagenic in bacterial tests (Dionigi et al. 1993 ). Geosmin and MIB have shown some activities in tests with sea urchin eggs (Nakajima et al. 1996) and rainbow trout hepatocytes (Gagné et al. 1999 ), but at very high concentrations relative to environmental levels. For example, effects were observed at mg/L concentrations, several orders of magnitude higher than those which produce an off-flavour in water or tainting of fish. The picture is a mixed one across different levels of test organism, but there is the suggestion that higher aquatic organisms may be more likely to show effects, albeit at very high concentrations.
Taste and odour occurrences in the Great Lakes and SLR have seasonal variations and the intensity may differ from year to year. Most consumer complaints typically occur from June to December. Taste and odour episodes occur in the summer months because high water temperatures favour algal and bacterial growth.
Recent research into the causes of musty tastes and odours in the upper SLR have determined that both geosmin (5 to 20 ng/l) and MIB (10 to 60 ng/L) can be found during periods of musty-earthy taste events . MIB concentrations in the SLR are typically three to four times those of geosmin. Geosmin and MIB can be found in Eastern Lake Ontario but the predominant sources of these compounds appear to be in the river itself. Concentrations of both compounds were found to increase from the river mouth at Alexandria Bay, peak in the river near Brockville and decrease gradually near Cornwall in September in 1998 (Ridal et al. 2000) .
SLR municipalities have implemented various strategies to control the tastes and odours in addition to conventional alum coagulation, sedimentation and filtration processes. Either addition of activated carbon as a powder (PAC) or filtration through granular media (GAC) are the most common control strategies used by SLR municipalities. PAC is added typically to the water prior to alum treatment and must be added continuously during taste and odour events. Granular activated carbon, as used by the Cornwall Purification Plant, is installed on top of conventional mixed media filter beds. Odour compounds are removed as the water passes through the filter.
In 1997 and 1998, the Cornwall Water Purification Plant capped the conventional sand/gravel filters with GAC to control taste and odour compounds. As previous research has shown that increased contact time and low chlorine residual are important factors to maximize the efficiency of PAC to remove radio-labelled MIB from water (Gillogly et al. 1998a (Gillogly et al. , 1998b , research on the Cornwall facility was undertaken to test these factors and optimize the system. This provided an opportunity to study GAC filter operation in a fully operational plant with flow rates ranging from 35,000 to 50,000 m 3 /day. The study was feasible because of the predictable increase in concentrations of geosmin and MIB in the source water during the fall period. We hypothesized that filter efficiency for removal of geosmin and MIB would decrease with filter age, and increase with lower free chlorine residuals in the source water entering the GAC filter and with longer empty bed contact times (EBCT).
Material and Methods

Filtration Design
The source of raw water for the Cornwall Water Purification Plant is Lake St Lawrence, which is the reservoir formed by the R.H. Saunders generating station in the St. Lawrence River. This water has characteristics typical of main channel St. Lawrence River water with low turbidity (reduced to <1 ntu at GAC beds), moderately hard water (120 mg/L as CaCO 3 ), and low total organic carbon (2.5 mg/L).
A schematic diagram of the Cornwall filtration plant is shown in Fig.  1 . Water is chlorinated at point of intake for zebra mussel control and piped approximately 3.6 km to the purification plant. Following conventional alum and sedimentation treatment, water flows into four gravity filters which are comprised of gravel and sand overlain by approximately 0.61 m (24 inches) of GAC. The dimension of all four filters is 12.8 × 6.4 m, and therefore the overall GAC filter volume is 49.97 m 3 . GAC comprised of bituminous coal (California Carbon) had initial iodine test num-bers ranging between 746 and 916. GAC filter beds numbers 2, 3 and 4 were installed in late August 1997 and filter bed 1 was installed at the end of July 1998. Therefore, filter beds were in place for 1 and 12 months when the testing took place September 2 to 4, 1998.
Experimental
Water samples were taken from the Cornwall Water Purification Plant. Samples for the experiments testing filter efficiency, free chlorine residual and EBCT were taken September 1 to 3, 1998. Additional samples to compare filter efficiency as a function of filter age were taken September 18 to 19, 1999 . Water prior to GAC treatment was taken in precleaned 1-L amber glass bottles by grab sample on top of the filter beds, and from outlet taps immediately following GAC filtration. Free chlorine residual of the water entering filter bed was kept between 0.4 and 0.5 mg/L for most experiments, except where otherwise indicated, and temperatures ranged from 18 to 22°C during the sampling events. Flow rates were adjusted to EBCT of 8.2 minutes for most experiments except where otherwise indicated. Samples were transported on ice to the laboratories of the St. Lawrence River Institute of Environmental Sciences, stored at 4°C, and processed within 24 hours.
Geosmin and MIB were extracted from 1 L of water by liquid-liquid extraction with pesticide-grade hexane . Briefly, water samples were salted with 100 g/L NaCl and thrice extracted by stirring for 10 minutes with 5-mL aliquots of hexane. In 1998, delta-hexachlorocyclohexane was used as a surrogate standard, and in 1999 the surrogate standard was diphenyl-d 10 (the latter purchased from C/D/N Isotopes, formerly MSD Isotopes, Pointe Claire, Quebec). The surrogate standards were dissolved in acetone and added to the sample prior to extraction to monitor analyte recovery. Hexane extracts were dried over sodium sulphate and concentrated under a gentle stream of nitrogen to 0.5 mL to give a concentration factor of 2000. These concentrates were analyzed by gas chromatography-mass spectrometry at the National Water Research Institute in Burlington, Ontario, using a Hewlett-Packard Model 5890 gas chromatograph equipped with a Model 5971 mass selective detector. The column was 30 m × 0.25 mm with a 0.25 µm HP-5MS coating. The temperature program was 60 to 280°C programmed at 4°C/min with a 10min hold at 280°C. A 1.0-µL sample was injected in splitless mode (valve off time of 0.75 min). The helium carrier flow was maintained at ca. 30 cm/s with constant flow programming. The following ions were monitored: MIB, m/z 95; geosmin, m/z 112; diphenyl-d 10 , and m/z 164. Geosmin and MIB standards were obtained from Wako Chemicals (Richmond, VA). Raw results were corrected for surrogate recovery, which averaged 64±16%, (n=42) for diphenyl-d 10 . Using a similar extraction method with hexane, recoveries of MIB, geosmin and diphenyl-d 10 were within 10% (relative) of each other (B. Brownlee, unpublished results).
In 1999, additional source water samples were taken in 250-mL amber vials and transported directly to the analysis laboratory where they were analyzed by solid phase micro-extraction (SPME) by the method of Watson et al. (2000) . Results obtained by LLE and SPME techniques agreed to within 7%. Blanks were assessed for the LLE extraction method by extracting distilled water samples. Analysis of extracts (n=3) indicated that method blanks were below the 1.0 ng/L method detection limit. Three experiments were carried out. 1) Each filter bed was tested to determine individual filter bed efficiency for removal of taste and odour compounds. Water sampled directly before and after GAC filtration was tested in duplicate to determine percent removal of geosmin and MIB. This experiment was performed in 1998 and repeated in 1999 to assess differences between filters and changes in efficiency as a function of filter age. 2) GAC filter efficiency was tested as the chlorine doses at the zebra mussel prechlorination facility were adjusted to produce a free chlorine residual of the source water to the GAC beds from 0.10 mg/L to 0.60 mg/L. At each chlorine residual level tested, duplicate analyses of geosmin and MIB were carried out before and after GAC filtration through filter bed #2.
3) The effect of EBCT on the GAC filter efficiency was tested over the range 3.1 to 14.2 minutes by varying the pumping rate. Duplicate analyses were carried out directly before and after the filter bed for each contact time. Chlorine residual was held constant at 0.59 mg/L during this test.
Results and Discussion
Comparison of Filter Efficiency
Results comparing the four individual filter beds for their efficiency to remove geosmin and MIB are shown in Table 1 . At the time that this test was carried out, the average concentration prior to GAC filtration of MIB was 17.8 ng/L and that for geosmin was 6.4 ng/L. Filter efficiency ranged from 52 to 78% for removal of MIB and 75 to 84% for removal of geosmin. Similar results were obtained for the 2-month-old filter (filter 1) as the other three filters that had been in place for 12 months. These results are consistent with other research studies that have shown MIB as typically more difficult to remove than geosmin. It has been previously shown that conventional filtration without GAC did not reduce the MIB and geosmin concentrations at the Cornwall filtration plant .
Estimates of threshold concentrations of geosmin and MIB to cause unpleasant tastes and odours vary in the literature Persson 1983; Mallevialle and Suffet 1987; Young et al. 1996) , but a lower limit is in the range 5 to 10 ng/L for both compounds. Consequently, the 1998 GAC filtration consistently reduced geosmin levels to below threshold concentrations (1 to 2 ng/L), while MIB concentrations are reduced to levels very near human sensory thresholds (4 to 11 ng/L) by the filters.
In a laboratory study of the efficiency of PAC to remove MIB from Lake Michigan water, a maximum of 68% of MIB was removed after 4-hour exposure to PAC at typical dose concentrations used by filtration plants (about 11.5 mg/L PAC, Gillogly et al. 1998a ). The 1998 test results indicate that the efficiency of GAC filters at the Cornwall Water Purification Plant are comparable to the maximum value obtained by PAC under controlled laboratory conditions. a Filter 1 had been in place for 2 months and the remaining filters in place for 12 months when these results were obtained. During the sampling period the pH of the source water was 8.2 to 8.4 and the temperature was 20 to 22°C.
Effect of Chlorine Residual on Filter Efficiency
Filter bed #2 at the Cornwall Purification Plant was tested under conditions of changing chlorine residual levels, as shown in Fig. 2 . Chlorine residual has a marked affect on the removal of geosmin and MIB. In contrast to our hypothesis that chlorine would decrease filter efficiency based on studies such as Gillogly et al. (1998b) , a strong positive relationship between chlorine residual and filter efficiency was observed in the range 0.1 to 0.6 mg Cl 2 /L. Filter efficiency decreased from 90% removal of geosmin at 0.60 mg/L chlorine residual to 31% removal at 0.10 mg/L chlorine residual. MIB removal dropped from 72% removal to an increase of 11% in the post-GAC filtered water as the chlorine residual was reduced. The increase in the MIB content of the post-GAC filtered water suggests that MIB is loosely retained by the filter and, under conditions of reduced adsorption capacity, some of the MIB load can bleed from the filter. Hence, the results of these experiments with in-place GAC filters are best interpreted as apparent filter efficiency.
These results contrast with those observed for removal of MIB by PAC (Gillogly et al. 1998b) , where maximal removal occurred for water when no chlorine was present at the point of PAC application. MIB removal dropped from 68% (no chlorine) to 26% when the PAC was dosed simultaneously with 5 mg/L of chlorine. These authors do not report Fig. 2 . Comparison of percent removal of geosmin and 2-methylisoborneol as a function of chlorine level incident upon the activated carbon bed. Source water (prefiltration) concentrations ranged from 11 to 21 ng/L for MIB and 5 to 8 ng/L for geosmin during the course of the experiment conducted from 1 and 3 September 1998. results for the lower chlorine residuals typically maintained for water entering the filters at the Cornwall Water Purification Plant. They interpreted the reduction in PAC efficiency to adsorb MIB in the presence of high chlorine residuals as a result of oxidation of adsorptive sites by Cl 2 . They determined that the amount of chlorine reacted per unit mass of PAC determined the extent of MIB adsorption capacity.
Clearly, other factors are important that affect the apparent GAC adsorption capacity at the much lower chlorine levels used in the present experiments (approximately 10 times lower). Several possibilities may contribute to the observed results with GAC. Although geosmin and MIB are typically difficult to oxidize, it may be possible that the activated carbon catalyzes their reaction with chlorine. In addition, chlorination may remove readily oxidized organic compounds that compete with MIB and geosmin. Alternatively, microbial action on the GAC and other parts of the filter may be affected by changes in chlorine residual.
The Cornwall Water Purification Plant typically operates at 0.1 to 0.2 mg/L chlorine residual through most of the year. However, when a taste and odour event is detected, the practice at the plant has been to increase chlorine residuals to 0.5 to 0.6 mg/L by increasing the dosage at the zebra mussel control facility. Based on qualitative perception, these measures appeared to reduce the earthy odours and the results shown in Fig. 2 are consistent with these views.
Effect of Contact Time on Filter Efficiency
Results of filter efficiency when the EBCT for filter #2 was varied between 3.1 and 14.2 minutes are summarized in Fig. 3 . Contact time is the period over which water flows through the GAC filter. In this experiment, filter efficiency generally increased as contact time increased. Filter efficiency was 43% for both geosmin and MIB at 3.1 minutes, but improved to 66% and 78% at 14 minutes, respectively, for MIB and geosmin. These results were slightly better than those obtained (55% and 71%) for MIB and geosmin, respectively, for filter bed #2 under standard operating conditions (7.2 minutes contact time). No ready explanation is available for the poorer performance of the filters observed for a contact time of 8.9 minutes. However, the results indicate an overall trend to better filter performance from a contact of 3 minutes or more. Kim et al. (1997) tested the removal of geosmin and MIB by GAC in pilot plants with conventional treatment (flocculation/sedimentation/ rapid sand filtration) and a flow of 20 m 3 /day. They obtained 67±3% removal of geosmin with EBCT of 15 min decreasing to 55±4% removal with EBCT of 10 min. For MIB these results were 62±3% and 45±2%, respectively. Clearly, conditions should be chosen to maximize contact times as significant improvements in filter efficiency are obtained. Figure 4 compares data from samples taken in 1998 and 1999 during which time the service time of the various GAC filters ranged from 2 to 24 months of use. Substantial decreases in filter efficiency were noted in In 1998, GAC filters were in place for 2 (filter#1) and 12 months (filters #2, 3 and 4). In 1999, filters were in place for 14 (filter #1) and 24 months (filters # 2, 3 and 4). Source water concentrations for 1998 experiments are provided in Table 1 . In 1999, source water concentrations of MIB averaged 45±2 ng/L (n=6) and geosmin averaged 22±1 ng/L (n=6).
Comparison of Filter Bed Efficiencies with Filter Age
the 1999 results compared with the 1998 values. After filtration, MIB decreased from 13 to 20% (16% average) and 50 to 57% (54% average) for geosmin for all filters. The data indicate that the efficiency for filter bed #1 was reduced substantially after 14 months compared with 2 months, as well as for filters #2, 3 and 4 after 24 months compared with 12 months.
The data may suggest that an economic bed life of the GAC filters as applied at the Cornwall Purification Plant is less than 2 years; however, various factors may have reduced filter efficiency. In particular, bed mounding and uneven media distribution can reduce filter efficiency for gravity type filters. These conditions can create an uneven flow distribution through the filters (channeling) and decrease the contact time with the media. A comprehensive filter audit was carried out at the City of Cornwall filtration plant 8 months after the final sampling. Two of the filters (#1 and #2) were determined to have unacceptable mixing of sand and gravel media ("gravel mounding") that underlie the GAC. Flow channeling would have occurred in these beds and may account for the rapid decrease in filter #1 after only 14 months of use. Some media mixing was also noted in the remaining filters (#3 and #4); however, it was much less severe than the other two filters and within acceptable specifications. Appropriate distribution of sand and gravel media were confirmed for all filter beds prior to installation of GAC; therefore, media mixing occurred during the periods when the GAC beds were in service. Subsequent to the filter audit, the filtration plant has taken steps to modify its use of media and its underdrain system to remove the possibility of media mixing.
While sand and gravel media mixing may have contributed to the low removal rates, other factors also may be responsible for gradually diminishing the effectiveness of GAC filtration. Hooper et al. (1996) showed that GAC performance is affected by the dissolved organic carbon concentration (DOC) in influent water. In general, as DOC increases, the bed-life of the GAC decreases. When the carbon becomes coated with DOC, the surface area available for adsorption of other compounds is decreased and the efficiency of the filter is hindered. These authors also found that GAC performance was improved by optimized coagulation pretreatments. It was also found that the filters performed better with receiving water that had been ozonated and biotreated.
Summary
Removal efficiency for geosmin and MIB were measured for conventional GAC filtration at the Cornwall Water Purification Plant in September of 1998 and 1999 for filters in place for 2, 12 and 24 months of operation. In 1998, geosmin and MIB were removed to near or below their odour threshold concentrations. In 1999, removal efficiency had declined and geosmin and MIB levels in finished water were above odour threshold concentrations. There was a strong trend for increasing removal efficiency with increasing chlorine residual and a less pronounced trend for increasing removal efficiency with increasing contact time. Assuming threshold odour concentrations of 5 ng/L for geosmin and 10 ng/L for MIB, during the time the measurements were made, the concentrations found in the finished water in 1999 were two times the threshold for detection of geosmin and four times the threshold for detection of MIB. At these concentrations, it is estimated that more than 50% of consumers would be aware of musty-earthy odours in the drinking water (Hargrave and Burdick 1998) .
